Further analysis of these findings, however, questions the conclusion that myosin II is not involved in other steps of mitosis. For instance, at later time points of myosin II inhibition by antibody injection, the nuclei appeared to "fuse" together (Kiehart et al., 1982 tracts has been useful in dissecting many aspects of reveal that these treatments block the separation and mitosis, this cell-free system does not replicate all steps positioning of duplicated centrosomes after nuclear in mitosis, such as early prophase centrosomal migraenvelope breakdown (NEBD), thereby preventing the tion along the nuclear envelope, anaphase B, and cytokimigration of the microtubule asters to opposite sides nesis. One important difference from spindle assembly of chromosomes. Immobilization of cortical movein a cell is that, in extracts, the spindle lacks a cell cortex ment with tetravalent lectins produces similar spindle and the astral microtubules that normally connect to defects to myosin II disruption and suggests that myothis cortex. sin II activity is required within the cortex. Latex beads
Introduction that daughters remain in the same plane, such as in an epithelium or tissue culture. Further, spindles must be Microtubules and actin filaments are thought to be recentered within a symmetrically dividing cell so that quired for separate steps in cell division. Microtubules resulting daughter cells will be the same size. Moreover, and microtubule motors are required for mitotic spindle because contacts between astral microtubules and the formation and chromosome segregation, while actin filacortex are extensive during prophase, they may be imments and myosin II motors are required for cytokinesis. portant for spindle assembly as well as for correct spinThree lines of evidence have suggested that myosin II dle positioning within the cell. is needed only for cytokinesis. First, inhibition of myosin For these reasons, we have reexamined the role of II in amphibian eggs using either anti-myosin II antibodthe cell cortex during spindle assembly. We find that ies or myosin II fragments allows one cell division and addition of actin-depolymerizing drugs that disrupt the then blocks all further divisions, but these treatments cell cortex (and thus the astral microtubule connections have no apparent effect on spindle formation (Meeusen to the cortex) prevent proper spindle formation. Using et al., 1980; Kiehart et al., 1982) . Second, myosin II mutaimproved methods to inhibit myosin II within the cortex tions in both fission yeast and Dictyostelium show no rapidly and completely, we show that myosin II is remitotic defects (Bezanilla et al., 1997; de Hostos et al., quired for normal centrosome migration and positioning 1993), and RNAi depletion of myosin II presumably only around chromosomes during spindle assembly. We find blocks cytokinesis (Somma et al., 2002) . Third, mitotic that cortical myosin II activity is required for the directed spindles can form in concentrated Xenopus egg extracts movement of the cortex during spindle assembly, and, containing high concentrations of actin depolymerising thus, attachment of the two asters to the moving cortex drugs (Sawin and Mitchison, 1991) .
separates and positions them around the chromosomes during prophase. Without this activity, the spindle fails to correctly assemble and align within the cell.
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Results

mately 50% of cells initiated and completed centrosome movement around the nuclear envelope prior to NEBD.
In the other 50% of cells, centrosomes began movement Actin and Myosin II Inhibitory Drugs Disrupt Spindle Assembly along the nuclear envelope but completed migration by nuclear envelope-independent movement after NEBD. To examine whether the actin/myosin-based cell cortex is required for spindle assembly, we disrupted it by deNuclear envelope-dependent and -independent pathways for centrosome separation have been seen prepleting actin using the actin-depolymerising drug Latrunculin A. Treatment of PtK2 cells with Latrunculin A viously (Rattner and Berns, 1976; Whitehead et al., 1996) . In control cells, we focused on the second movement, for only 20 min resulted in 48% of spindles forming aberrantly (n ϭ 1039). These cells did not recover to in which centrosomal migration initiated before and continued after NEBD. Here, the two centrosomes migrated form normal spindles while in drug, as longer treatments in Latrunculin A caused more defective spindles to accuaround the nucleus as the chromosomes condensed ( Figure 2A and Supplemental Movie S1 at http://www. mulate (72% after 120 min where n ϭ 200).
We next determined whether the actin cortex is cell.com/cgi/content/full/117/3/361/DC1). Once the nuclear envelope broke down (0:00), the asters continued needed for spindle assembly simply because it acts as a scaffold for astral microtubules or whether myosin to move around the chromosomes (0:31) and aligned within the cell (0:48). Soon after the chromosomes II activity within the cortex was also required. To test whether myosin II is required for spindle formation, we aligned at the metaphase plate, the cell underwent anaphase and then cytokinesis (at 1:20 in Supplemental treated PtK2 cells with drugs that specifically inactivate myosin II within 2-3 min of addition. Y-27632 inhibits Movie S1). We discovered that myosin II activity was required for Rho kinase (ROCK), which in turn blocks myosin II light chain kinase (MLCK) and thus myosin II activity. Blebcentrosome migration around the chromosomes only after NEBD. Unfortunately, we could only film cells using bistatin specifically inhibits the ATPase of nonmuscle myosin II directly (Straight et al., 2003) . We treated the Y-27632, as blebbistatin rapidly photo bleached the GFP signal. However, because both inhibitors gave similar cells for either 20 min or 120 min with these inhibitors (or DMSO as a control) and then fixed and immunodefects in the fixed-cell assay, we expect blebbistatinmediated inhibition of myosin II would cause defects stained them for nonmuscle myosin II, tubulin, and DNA. After 20 min in the presence of drug, 35%-50% of all using a similar mechanism. In a cell treated with Y-27632 at time Ϫ0:05 ( Figure 2B and see Supplemental Movie S2 spindles analyzed had defects ( Figure 1D ). Compared to a normal control spindle ( Figure 1A ), defective spindles on Cell website), the two centrosomes halted migration around the chromatin as soon as NEBD occurred (0:00), commonly fell into two major categories: "lopsided" chromosomes that remain on one side of the asters then the asters remained stuck on one side of the chromosomes (0:15), causing abnormal spindles to form with instead of aligning between them ( Figure 1B ) and "at poles," in which unaligned chromosomes stay at one or lopsided chromosomes (0:51, see Supplemental Movie S2). In this and other movies with Y-27632, the chromoboth centrosomes ( Figure 1C ). Note that when myosin II activity is inhibited with either blebbistatin or Y-27632, somes would decondense again after 2-4 hr, even though asters remained on one side of the chromoastral microtubules still retain contacts with the edge of the cell (Figures 1B and 1C) . In addition, occasionally somes, and spindle assembly never completed. Furthermore, in the Y-27632-treated movies, other events monoasters or multiple asters also resulted from myosin II drug inactivation (not shown). The proportions of abnormally seen during mitosis still occur, such as cell rounding, NEBD, chromosome condensation, and denormal spindles seen after 20 and 120 min of treatment are shown in Figure 1D , with the proportions of the four condensation, and normal microtubule dynamics-only positioning of the two asters around the chromosomes types of spindle defects in Figure 1E . In addition to abnormalities in spindle morphology, approximately is blocked. In movies, the spindle defects that typically resulted from Y-27632 were lopsided spindles, as seen 19% of the defective spindles were not centered or aligned correctly within the cell. This was probably an in fixed cells ( Figure 1B) . Sometimes, Y-27632 disruption resulted in chromosomes that became stuck at one pole, underestimate, because most cells were not large enough or morphologically polarized enough to detect as seen in Supplemental Movie S3. Here too, centroabnormal spindle positioning (see Figure 1C) , but, when somes did not complete migration around the chromothey were, spindle positioning was typically aberrant. somes completely. Although it is not clear why the two These defective spindles did not recover with time, as chromosomes did not align, a likely possibility is that the percentage of spindles with defects accumulated when asters are not symmetrically aligned on either side with longer drug treatments (see Figure 1E, 120Ј) . As of the chromosomes, the microtubules from one of the myosin II appears to be required for correct spindle asters do not have access to all of the chromosomes. formation, we focused on its role in spindle assembly.
The end of Supplemental Movie S3 represents the at poles defect seen in fixed time points in Figure 1C . 
3C
) and fixed and stained for actin, tubulin, and DNA. cells, at poles, is difficult to detect in these round cells, as the condensed chromosomes fill the volume of the While the drug treatments had no effect on cell shape ( Figures 3B and 3C ), they caused more than half of the cell (see Figure 3A for a normal polarized spindle). Thus, we suspect that the defects scored in Figures 3D and spindles to form aberrantly ( Figure 3D ), suggesting that the effects on spindle formation were direct and not 3E may underestimate the actual numbers of spindle defects produced by myosin II inhibition in round cells. secondary to effects on cell shape. Importantly, disruption of myosin II with either drug mainly produced lopsided spindles (Figure 3E ), the most common type of Inhibition of Myosin II by RNAi Also Disrupts Spindle Assembly defect seen when spindle assembly is disrupted by myosin II inhibition in PtK2 cells (Figures 1B and 1E) . The
To independently test whether myosin II is required for normal spindle formation, we specifically knocked down other predominant spindle defect normally seen in PtK2 the expression of myosin II using RNAi in the Drosophila of myosin II, rather than inactivation caused by drug inhibition or depletion of the light chain, structurally melanogaster S2Rϩ cell line. Double-stranded RNAi encoding GFP (control, Figure 4A ), myosin II heavy chain compromised the integrity of the cortex (notice decreased cortical actin staining in the cell with multiaster (zipper, Figure 4B ), or MLC (squash, Figure 4C ) was added to the culture medium for 2, 4, 6, 8, or 10 days.
in Figure 4C ). We suspect the multiaster defect is due to the ability of microtubules to self organize into asters The cells were then fixed and stained for actin, tubulin, and DNA. The immunoblot in Figure 4C shows that apin mitotic cytoplasm when not constrained by cortical contacts, as seen in in vitro spindle assembly assays proximately 96% of cellular myosin II heavy chain was depleted by 6 days of treatment of myosin II heavy chain using concentrated extracts (Sawin and Mitchison, 1991) . Controls cells where no RNAi (data not shown) RNAi. It was also clear that myosin II heavy chain and light chain were depleted by RNAi, as cytokinesis was or GFP RNAi ( Figure 4A ) was added to S2Rϩ cells produced normal spindles ( Figure 4E ), suggesting that the blocked in these cells compared to the untreated and GFP RNAi-treated control cells ( Figure 4E ). To avoid spindle defects were caused from knocking down myosin II specifically. scoring aberrant spindle structures that resulted from excess centrosomes due to cytokinesis failure, we scored the spindle defects on day 4 or 6, when the first Crosslinking the Cell Surface with Lectins Also Inhibits Completion of Centrosome Migration cytokinesis defects became apparent. We also omitted spindles containing multiple but well-formed asters typiAlthough myosin II localizes mainly to the cortex during mitosis, some of it also localizes diffusely within the cally seen in multinucleate cells.
At day 4-6 of RNAi disruption of myosin II heavy chain cytoplasm (see Figure 1A) . To test whether the spindle defects seen above resulted from inhibiting myosin II or light chain, 65%-70% of spindles were defective in morphology ( Figure 4E ). As with drug disruption of myowithin the cortex, we added extracellular tetravalent lectins to inhibit myosin II-dependent movement specifisin II in hybridoma or PtK2 cells, the most common spindle defect seen with either myosin II heavy or light cally in the cortex. Wheat germ agglutinin (WGA) and concanavilin A (Con A), when added at high concentrachain RNAi was lopsided chromosomes (see Figures 4B  and 4F ). The range of spindle defects was also similar, tions to the cell medium, bind to cell surface glycoproteins and act to effectively crosslink the cell cortex. except that multiple asters were more frequent in cells resulting from myosin II heavy chain RNAi treatment These lectins have been shown to block the actin-and myosin II-dependent cortical flow seen in Xenopus ( Figure 4F ). This was likely due to the fact that depletion ., 1994 ). In the control 5B), and the lopsided chromosome defect was the most common type of defect detected, comprising 33% of cell in Figure 6A and Supplemental Movie S7, red latex beads on the cell surface moved in the direction of all WGA-treated and 41% of all Con A-treated spindles, or greater than 66% of the total spindle defects seen centrosome migration during spindle formation and po- nesis-defective phenotype. shows that the cortex is contracting on the side opposite A directed study of myosin II in single cells used inhibito where the centrosomes separate. Coordinate cortical tory antibodies (Kiehart et al., 1982) , which inhibited expansion and contraction were seen consistently durcytokinesis only after 1-2 cell divisions and may inhibit ing spindle assembly after NEBD in three out of three myosin II less effectively in a preformed structure such movies where both sides of the cell could be viewed as as the cortex than in an assembling contractile ring. the spindle formed. These results are consistent with Furthermore, as nuclei were seen to fuse at later times, myosin II activity, acting to cause a sink of focused it is likely that this inhibition eventually blocked mitosis. cortical contraction on one side of the cell, which then Although the myosin II inhibitors Y-27632 and blebbipulls apart the cortex on the opposing side of cell, statin are relatively new drugs and have not previously nearest to centrosomes. Because the centrosomes are been used in spindle-assembly studies, RNAi depletion attached to the cortex via astral microtubules, the confirms that these defects result specifically from myoresulting expansion of the cortex drives centrosome sin II inhibition. Thus, discovery of a new role for myosin separation.
in spindle formation has been enabled by new techniques that more rapidly and effectively inhibit myosin II. Discussion
While it was previously established that mitotic spindle
Cortical Actin and Myosin II Are Required for Centrosome Separation after NEBD assembly depends on microtubules and their associated motor proteins, our findings show that assembly
As shown in the model in Figure 7A , centrosomes can separate along the nuclear envelope in the absence of also depends on cortical myosin II. Using several methods to inhibit myosin II and cortical movement, we find myosin II activity before NEBD. The cortical-independent centrosome separation along the nuclear envelope that continued separation and positioning of centrosomes around the chromosomes depends on myosin II presumably relies on dynein and dynactin, which localize to the nuclear envelope prior to NEBD ( 
